Introduction
Type 1 Diabetes (T1D) is caused by auto-immune deficiency, where cell tolerance to auto-antigen is damaged, and leads to tissue destruction by the self-immune system. In the immune system, regulatory T cells (Tregs) and other tolerogenic cells play a key role in self-tolerance [1, 2] . The balance in the number and function of Tregs and destructive T cells affects the results of the immune response [3, 4] . Currently, many therapies developed for T1D focus on Tregs intervention [5] [6] [7] . Therefore, investigating the relationship between Tregs and other immune system components is important in preventing or slowing the progress of auto-immune disease.
Computational modeling can be used to assess rapidly the potential performance of new therapies and treatment under development. Computational models of T1D with different goals have been developed [8, 9] . Besides economic models [10] and glucose-insulin models [11] , models that describe the autoimmune pathogenesis of T1D were also proposed [12] [13] [14] . Shoda et al. developed a relatively complex mathematical model describing the dynamics of immune response [12] . Wedgwood et al. built a multiscale model combining ordinary differential equations (ODE) and agent-based modeling in simulating interactions among β cells, T cells and B cells [14] . Agent-based modeling (ABM) can simulate behaviors and interactions of individual entities, and offers flexibility in simulating heterogeneous interactions and complex individual behaviors which can be characterized by if-then rules and thresholds. It also provides a framework that can easily adjust the size and complexity of a system through adding new agents and rules of behaviors or interactions [15] . [29] 1 The amount proportionally reduced according to [19, [30] [31] [32] ; 2 Pancreatic lymph node. 3 2µm/min less than Tregs [20] , to simplify model we set same speed with Tregs; 4 Adjust cell-cycle to satisfy that islet can recover within 2 weeks. 
Islets of Langerhans
New β cells are generated from three sources during the progression of T1D: non-β cell precursors (such as the duct epithelium), existing β cells, and α cells [33] . In mice, α cells transdifferentiate to β cells upon Pax4 ectopic expression [34] with or without cell division [29] . In this model, β cell self-renewal and α cell conversion were implemented. Within two weeks [29] , the islets in the model, whose β cells were almost destroyed, are composed of neogenic β cells and almost reach the original number of β cells if no destructive lymphocytes exist in pancreatic tissue. The mouse islets present a core-mantle arrangement of α cells and β cells [35] . In this model, the α cells enclose β cells and account for~20% of islets cells (Figure 1 ).
Dendritic Cells
Dendritic cells are one of the antigen-presenting cell types. DCs can be recruited to islets by monocyte chemoattractant protein (MCP) and macrophage inflammatory protein (MIP), which are secreted by β cells, endothelial cells, macrophages, DCs and lymphocytes [36] [37] [38] . The immature DCs in this model move toward the nearest islet, stop and secrete molecules to dissolve Basement membrane (BM) when they encounter it. After the BM is dissolved, they invade the islet and contact β cells.
After uptake of antigen, DCs migrate to lymph nodes through the afferent lymph [39] , gradually go to maturation [40] , and stimulate CD4 + and CD8 + T cells with/without the presence of regulatory T cells (Tregs) [24, 41, 42] . Lymphatic vessels are always located near blood vessels and close to the islets in mouse model and humans [36, 43] . DCs migrate to lymphatic vessels through responding to the gradient of CCR7 ligands [44] . In steady-state tissue, the uptake of self-antigen by DCs can cause tolerance of autoreactive cells; in inflammation, they induce effector T cells [42] . The expression of costimulatory molecules on DCs is important for activation of T cells (both CD4 + and CD8 + T cell) [45, 46] . Mature DCs express a high level of costimulatory molecules such as CD80/86 (B7-1/B7-2) and CD40, and produce IL-12 [40] , while Tregs can downregulate CD80/86 on DCs to inhibit their maturation [47] . The CD27/CD70-interaction is important for priming CD8 + T cells [46, 48] . The CD27 is expressed on CD8 + T cells while the CD70 is expressed by DCs under the help of CD4 + T cells [49] . Therefore, only the mature DCs can activate CD4 + T cells and the mature DCs with the help of CD4 + T cells can successfully activate CD8 + T cells (Figure 2 ). The number of DCs in pancreatic tissue was kept constant in the early period of islet destruction and moderately increased in the later period (Table 2) . 
CD8 + T Cells
CD8 + T cells can kill β cells via direct contact or cytokine secretion [50] under complete activation. Their killing ability (55%), motility pattern (random walk) and proliferation behavior (naïve T cell → effector T cell → memory T cell) are similar to our previous model [16] . CD8 + T cell activation occurs in pancreatic lymph node. When their activation is not complete (i.e., when they encounter DCs with low costimulatory molecules), they go to anergy [51] . Activated T cells with clonal anergy are inhibited in their proliferation but maintain their destructive function on β cells, while naïve T cells with adaptive tolerance reduce their proliferation rate and weaken their killing ability [51] (Table 3) . Besides, the complete activation of memory cells also needs the help of costimulatory molecules.
If memory cells are not completely activated, their progenies would lose their ability to survive under second stimulation [52] . [54] , and then DCs are induced to express CD70 [49] which affect CD8 + T cell responses [48] . Besides, IL-2 secreted by CD4 + T cells is needed in iTregs conversion [55] .
Tregs with CD4 + Foxp3 + /Foxp3 − can inhibit inflammation through many pathways, such as targeting DCs, secreting inhibitory cytokines, and producing Granzyme B/A to kill effector T cells directly [56] . In this model, several pathways were implemented ( Figure 2) . First, the killing capacity of CD8 + T cells can be inhibited by contacting Tregs within the presence of Transforming Growth Factor-β (TGF-β) [57] . Secondly, Tregs downregulate the expression of B7 on the surface of DCs [47] and maintain immaturity of DCs [58] . Third, IL-10 which is secreted by Tregs can induce naïve CD4 + T cells and destructive CD4 + T cells to differentiate into induced-Tregs (iTregs) or Foxp3 − IL-10 + regulatory Type-1 T cells (Tr1) [41] .
Natural regulatory T cells (nTregs) mature in thymus while iTregs differentiate from naïve CD4 + T cells [41, 59, 60] . iTregs is induced from naïve CD4 + T cells under the presence of TGF-β and IL-2 [55] . In this model, we assume that there is enough TGF-β in the environment. Besides, Tr1 can be induced from CD4 + T cells under the presence of IL-10 [61] . In this model, the Tregs include nTregs and iTregs (including Tr1) ( Table 4 ). Tregs can also migrate into pancreatic tissue [27, 62] . Table 4 . IL-10 producing (activated) Treg sources [41] .
Sources Condition
nTregs Dendritic cell (DC) with strong B7 Naive CD4 + T cells
Step 1 DC with weak B7 and IL-2
Step 2 DC with strong B7 Naive CD4 + T cells DC with strong B7 and IL-10
Effector CD4 + T cells DC with strong B7 and IL-10
Compartments
Pancreatic lymph node (PLN): Antigen presentation to T cells first happens in PLN. This process involves different cell types and complex control (Figures 2 and 3 ). nTregs exist in homeostasis and would expand themselves under the presence of DCs with high B7 (DCs-B7 high ). Activated Tregs migrate to DCs-B7 high and then downregulate B7 expression, inhibiting DCs' maturation. Tregs can inhibit the killing ability of progenies of naïve CD8 + T cells and the proliferation of effector T cells through inhibition of DCs, which lead to T cell anergy. If DCs with antigen successfully obtain high B7, they would activate naïve CD4 + T cells which then differentiate and expand effector CD4 + T cells. These effector T cells help DCs-B7 high secrete CD70. Then the DCs can activate CD8 + T cells.
CD8 + T cells can be activated by mature DCs with the help of CD4 + T cells and expand effector CD8 + T cells (Figures 2 and 3) . However, if naïve CD4 + T cell activation occurs upon presence of IL-10 (secreted by Tregs), they would differentiate to Tr1 (also secrete IL-10) [41] . After several proliferations, effector CD4 + , CD8 + T cells and Tregs would migrate to tissue.
Pancreatic tissue: β cells can self-replicate when islets are under attack and α cells have the ability to convert to β cells. These are sources of new β cells during progression of disease. DCs take up antigen from islets in tissue and then migrate to lymph node, inducing adaptive immune response (Figure 2 ). Through TGF-β pathway, Tregs can also inhibit the killing ability of effector T cells.
Results
This model was used for simulating disease progress in mice model from 3-week age to 14-week age with or without Tregs. In Figure 4 and subsequent figures, the x-axis shows the time (days) from the beginning of the simulation (week 3). We use box-and-whisker plots to present the dynamics of immune response. Each case was performed through 15 repeated simulations. Boxes cover data from the first quartile to the third quartile, and circles show the median and whiskers show the locations of the maximum and minimum values. The variations in data are caused by from stochastic variations such as cell motility and killing probability.
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Without Tregs

Effect of Tregs
Tregs usually account for 5-10% of CD4 + T cells in lymph node [32] . In this model, the number of initial Tregs added also accounts for 10% of CD4 + T cells at the beginning of simulation. Besides, Tregs also can be descended from naive CD4 + T cells or effector CD4 + T cells under certain conditions [41] . The effect of Tregs on the progression of diabetes is shown in Figures 6 and 7 . In pancreatic tissue, β cells were rarely attacked by effector CD8 + T cells. The number of effector CD8 + T cells (maximal median: 0; box: 0~340) in pancreatic tissue (Figure 6b ) was much less than that (maximal median: 1000; box: 200~2000) in the case without Tregs (Figure 4b ), and CD8 + T cells disappear after several weeks. In lymph nodes, following the rise of mature DCs in several phases (e.g., day 7~8, day 25~27, day 43~55) shown in Figure 6 , the activated Tregs and effector CD4 + T cells increased ( Figure  7e,f) . The multiple waves of mature DCs observed in Figure 6f is related to the number of activated Tregs (Figure 7e ). When the number of Tregs becomes small, the probability of increase in mature DCs is high. Also, the 2nd mature DCs which can activate CD8 + T cells scarcely appear. Note that, effector CD8 + T cells in PLN arise on day 11 in several simulations, the 2nd mature DCs also appeared close to this time although they cannot be observed in the Figure 6 . Day 45~55, the fact that the 2nd mature DCs increase but the effector CD8 + T cells cannot be observed may be attributed to the decreased naive CD8 + T cells and reduced encounter probability. With the presence of Tregs, the reduction in naive CD8 + T cells is consistent with increase of anergic T cells ( Figure 7a,d) ; therefore, they primarily convert to anergic T cells in this scenario. 
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Effects of Tregs from Different Sources
Tregs come from two sources: resident Tregs and induced Tregs from CD4 + T cells. To check their individual effect on immune response, we block one of them in specific simulations. We can observe that the results of the case with only resident Tregs ( Figures A1 and A2 in Appendix A, case III) is similar to the case with both resident and induced Tregs (Figures 6 and 7, case II) . This could be due to the number of Tregs satisfying the condition to inhibit the activation of CD8 + T cells. However, after day 50, the peak of activated Tregs is about 10,000 in case II and it is only ~4500 in case III. This difference could contribute to the addition of induced Tregs. Note that, the effector CD4 + T cells show the 4th wave in the case without induced Tregs (Figure A2f ), while there is no 4th wave in the case with induced Tregs (Figure 7f ). This could be attributed to the possibility that induction of Tregs from CD4 + T cells reduce the probability of effector cell differentiation from CD4 + T cells. For the case with only induced Tregs ( Figures A3 and A4) , the effector CD8 + T cells first increase and kill β cells, then Tregs converted from CD4 + T cells gradually increase. Tregs without activation appear 
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Tregs come from two sources: resident Tregs and induced Tregs from CD4 + T cells. To check their individual effect on immune response, we block one of them in specific simulations. We can observe that the results of the case with only resident Tregs (Figures A1 and A2 in Appendix A, case III) is similar to the case with both resident and induced Tregs (Figures 6 and 7 , case II). This could be due to the number of Tregs satisfying the condition to inhibit the activation of CD8 + T cells. However, after day 50, the peak of activated Tregs is about 10,000 in case II and it is only~4500 in case III. This difference could contribute to the addition of induced Tregs. Note that, the effector CD4 + T cells show the 4th wave in the case without induced Tregs (Figure A2f ), while there is no 4th wave in the case with induced Tregs (Figure 7f ). This could be attributed to the possibility that induction of Tregs from CD4 + T cells reduce the probability of effector cell differentiation from CD4 + T cells. For the case with only induced Tregs ( Figures A3 and A4) , the effector CD8 + T cells first increase and kill β cells, then Tregs converted from CD4 + T cells gradually increase. Tregs without activation appear first on approximately day 12 and keep a low level until day 40, and the activated Tregs first arise after day 15. After day 45, the activated Tregs increase appreciably. The number of 2nd mature DCs remains low on day 20~40 and day 47~77 which may be affected by Tregs. The increase in 2nd mature DCs on around day 45 could be due to the abrupt DC increase in tissue (Table 2) , as well as the deficiency of activated Tregs at same time. And then, the production of effector CD8 + T cells are relatively inhibited and β cells gradually recover (Figures A3 and A4) .
Tregs inhibit immune response through two pathways in this model: inhibiting DCs to further inhibit CD8 + T cells and directly inhibiting CD8 + T cells' destructive function. The inhibition of DCs maturation would inhibit the effector T cells, while the direct inhibition by Tregs inhibit their killing ability. To test this effect on immune response, the inhibition through DCs was blocked. Figures A5  and A6 show the results. The effector CD8 + T cells increase in pancreatic tissue during day 12~35, leading to decrease of β cell at the same time. The peak of effector CD8 + T cells appeared on day 25, however, the β cells on day 25 did not decrease. The reason is shown on Figure A6f , almost all effector CD8 + T cells in pancreatic tissue were inhibited directly by Tregs, and these deactivated cells cannot secrete granzyme to kill β cells. The peaks of effector CD8 + T cells (Figures A5b and A6b) are relatively lower than the case without Tregs (Figures 4b and 5b) . In this case, Tregs lose the function of downregulating costimulatory molecules on DCs, but they remain capable of tracking DCs in a small area. The occupied space near DCs may reduce the contact probability between CD4/8 + T cells and DCs. β cells decrease and finally recover, which shows downregulation of costimulatory molecules can partly prevent β cell destruction. (Figures 4b and 5b) . In this case, Tregs lose the function of downregulating costimulatory molecules on DCs, but they remain capable of tracking DCs in a small area. The occupied space near DCs may reduce the contact probability between CD4/8 + T cells and DCs. β cells decrease and finally recover, which shows downregulation of costimulatory molecules can partly prevent β cell destruction.
External Addition of Tregs
Based on the first case, where no Tregs exist in PLN and tissue and the ability of CD4 + T cells conversion to Tregs is blocked, we add Tregs at 8-week age and let the Tregs keep the lowest level. And then we can observe that the 2nd mature DCs were inhibited ( Figure 8e ) accompanied with activated Tregs increase (Figure 9b) . Similarly, effector CD4 + T cells and effector CD8 + T cells were both inhibited after Tregs arise (Figures 5b,f and 9c,d) . As a result, the β cells in tissue recovered quickly and kept a relatively constant number during the rest of simulation (Figure 8a) . Therefore, the Tregs added in the middle phase can successfully inhibit new effector CD8 + T cell production and keep a protective environment for β cell regeneration. 
Discussion
This work simulates immune response in mice from 3-weeks old to 14-weeks old. DCs and macrophages can be observed early in pancreatic tissue at 3-week old mice [63] and T cells can be observed at 4th week [30] . Here the effector CD8 + T cells arise in pancreatic tissue approximately 10 days after beginning of the simulation (week 3) (Figures 4 and 8 ), using about one week for presenting antigen, expansion and migration. In experiments, Treg-deficiency can lead to much more CD4 + T cell proliferation [64] and variations in the ratio of Tregs to CD8 + T cells can suppress T cell proliferation in different degrees [3] . For our model, in the case without Tregs (Section 3.1), the effector CD4 + T cells can increase to 2000~4000 cells (Figure 5f ) and CD8 + T cells can reach to 2000 in lymph node (Figure 5b ), while they are reduced in the case with Tregs (Section 3.2) to 500~1500 for CD4 + T cells and 0~20 for CD8 + T cells in PLN (Figure 7f,b) . The results suggest that Tregs partially inhibit effector CD4 + T cell production and largely inhibit effector CD8 + T cell proliferation, relatively matching with experiment results.
In the case without induced Tregs, the cell behavior and number variations are similar to the case with Tregs and there is no β cell damage and T cells are inhibited ( Figures A1 and A2) . When there are only induced Tregs ( Figures A3 and A4 ), they cannot inhibit T cell expansion in the former phase, however, they gradually inhibit destructive T cells in later phase with increase of Tregs. Compared to the case with external addition of Tregs (Section 3.4), they cannot effectively prevent β cell damage ( Figure A3 ) by T cells at the beginning of apparent Treg increase (day 15~40) (Figure 
In the case without induced Tregs, the cell behavior and number variations are similar to the case with Tregs and there is no β cell damage and T cells are inhibited ( Figures A1 and A2) . When there are only induced Tregs ( Figures A3 and A4 ), they cannot inhibit T cell expansion in the former phase, however, they gradually inhibit destructive T cells in later phase with increase of Tregs. Compared to the case with external addition of Tregs (Section 3.4), they cannot effectively prevent β cell damage ( Figure A3 ) by T cells at the beginning of apparent Treg increase (day 15~40) (Figure A4e,f) . The first peak of activated Treg number after day 45 is~700 (Figure A4f ) while in Section 3.4 the peak reaches to 1200 cells (Figure 9b ). This may be caused by the number deficiency in Tregs without activation at the time they were activated.
In Section 3.4, after the Tregs were added to the system, they inhibit 2nd mature DCs production ( Figure 8e ) and effectively prevent the increase in CD8 + T cells (Figure 9c ). This work did not consider the effect of tertiary lymphoid organ (TLO), which can recruit and activate naive T cells in inflammatory tissue [65] . Although the experiment by Lee et al. [65] shows it can replace PLN to induce disease after 16 weeks, the naive T cells appear in inflammatory tissue far earlier than this time [30] . The Tregs intervention can effectively prevent effector T cells produced in PLN, but its effect on this structure was not determined.
When Tregs function that downregulate the expression of costimulatory molecules CD80/86 on DCs (case V, Figures A5 and A6) is blocked, the β cell damage by CD8 + T cells cannot be effectively inhibited. In this work, β cells can recover quickly to maintain intact islets because the rules of regeneration rate chosen here is relatively high (recovery within two weeks). Although there are 2nd wave of effector CD8 + T cells, they did not significantly reduce the number of β cells. The large increase in DCs induce a large increase in Tregs. Although these Tregs cannot downregulate costimulatory molecules on DCs, it seems that the occupation of DC neighbor space effectively separate DCs and CD8/4 + T cells.
The α cells can convert to β cells [29, 66, 67] , and since they are not targeted by T cells, they provide β cells a good source for regeneration. Even in the case without Tregs, they continuously convert to β cells. However, the consecutive generated β cells lead to the long-term existence of effector T cells in inflammatory tissue. And these effector T cells prevent more neogenic β generation. In case VI, with the help of Tregs, β cell population can go back to its initial number by high-speed regeneration. Induction of conversion from α cell to β cell and promotion of β regeneration could be a good treatment for T1D. Considering that neogenic β cell may lead to more lymphocytes, Tregs can inhibit antigen presentation by DCs to some extent and provide a better environment for islet recovery (neogenesis of β cell and BM reconstruction). Therefore, considering the treatment of this disease, combining Tregs intervention and promotion of β cell regeneration may be a good way to recover healthy islet function.
The pathogenesis of T1D is very complex. It involves many kinds of lymphocytes and antigen presenting cells. This work only focused on DC-CD8 + T cell pathway in immune response. B cellscan also stimulate CD4 + T cells and activate CD8 + T cells with expression of CD40. Macrophages can present antigen, help to recruit DCs, and secrete molecules to kill β cells. There are several pathways (DC/B-CD8 + T cell, CD/B-CD4 + T cell, and macrophage pathway) to kill β cells. They are cross-linked and the study of each pathway is necessary. In the future, the other pathway to kill β cells and their regulation would be implemented, such as B cells and their regulation, more functions of Tregs, and other functions of CD4 + T cells with/without macrophages.
Conclusions
An ABM is developed for simulating different cell interactions during the potential periods of disease progression in T1D. The Tregs that exist in the immune system can regulate the number and function of effector T cells. α cells could be a good source for β cell regeneration. Tregs intervention shows effective prevention of new waves of effector T cells which bring a good environment for β cell recovery in treatment of disease. Simulations with various conditions can provide insight about potential treatments can may be more promising in slowing β cell death and promote β cell regeneration. 
